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The use of regenerative hest exchangers in compressor-
turbine-propeller sircrsft power plants has been investi-
gated. The effects of regeneration on specific fuel con-
sumption and thrust power have been calculated for various
vaelues of the importaant parameters: altitude, blower
compression ratio, mazinwn turbine-inlet temperature, and
heat~exchanger cross-ssctional area. The effects of
regeneration on fuel requirements snd cargo capaclty for
filights of warious durations have been determined.

The investigatlon showed that reductions in specific
fuel corsumption could be obtelned by means of regenerective
heat exchangers. For the zame heat-exchanger weight, the
reduction in specific furel consuwiption would be greater
the lower the altitule, thse igher the maximum temperaturse
at the turbline inlet, the lower the tempsrature rise due
to compression, and corseguently the lower the pressure
ratio across the compressor. For flights of sufficlient
duration, the reduction in fuvel welght would be grestsr
than the heat-exchanger welght required to give that
reduction. The difference bhetween the reduction in fuel
weight end the heat-exchanger weight would irndicate that
additlioral cargo could be carried without a change in
take~off gross weight vhen regenerstion 1s used.

As an example, a regenerstive heat exchanger that
welghs 4C00 pounds can reduce by 12 percent, or 650 pounds
per hour, the rate of fusl consumption of a power plant
orerating at sea level with s conmpression ratlo of 6, a
capacity of 50 pounds of air per second, a meximum tpmpera-
ture of 1800° F, and a thrust power of 5400 horsepower.

For flights of grester duration than 6§ hours, the reduvc-

tion In fuel weight is greatcr than the heat-exchanger
welght and, for the same take-off weight, additlonal cargo
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can be lcaded. For & lb-hour flicht, the regqnired fuel
walght 1s reduced by 10,500 gouvnds and the cargo welght
13 incre&sed by 5500 pounds.

INYPODUCTICN

Rezeneratlion l1e¢ s well-known mesns of modifylnz the
thermodynaric cycle of an eagine ty immrove fuel zconomy.
Beceuse regensration is accomplished by means cf heat
exchangers, it entails an incrcass in the weight of a
cower plent. The use of regencration for increasing
efficiency 18 common pracstlcs rer stationary cteam-
turbine power plants, in which weight is not sc imvortant
8 considerstion as in alreraft power planits. The use of
ragencration in gas-turbine marins rowsr nlants has besn
conaidered in references 1l snd 2. The Natlionul Advisory
Committas for Asronsutice has purblished snalyses of

sgenerotive aslrceraft power plarts -~ referesnce 3 deale
wlth the regenerative »propeller-comprassor-enging=-turbing-
Jet system and refsrence 4 consldserz, smong others, ths
regenerativse comprossor-surbine syster. The surnoss of
ths present papsr is to show in more datell the wossi-
bilities end the limitatlons of the uss of regerneration
‘ag A m2ans of effecting greatar fusl economy znd of
redueclng the nst welght of ths powsr plant end fusl of
compressor~turbine-propsller alxeorelt enginss. Curves
ar< theroiore glven thst ghow, ror n varicty of condl-
tlonz, the varlatlion with hsat-zxchonger welight of
spacifiz fuel conswmption, thruszst power, fuel welzht,
and net clhanga in the takzs-off weizht of powsr plant and
fasl,

The comprsosssor-turbine system without resgancration
onsrates on ths tharmodynemic cyele shewn in figure 1, The
worting Fluid undergoss the following processes (fig. 1):

0O to 1 inductlon from fres strsam into alroplane
1 to 2 machanical compressicn
2 to It combustion
b to 5 sxvansion in turbine
5 to 7 sexdansion in -xhaust nozzls
Regeneration way be =ffacted in the comprecsor-turbine
syateom by «dding e haat 2xchizanusr s skown in figurs 2.
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Heat 1is extracted from the fluid betwesn the turbine and
the exhaust nozzle and ls addel to the colder fluid between
thas compressor and the combustion chamber. Tne cycle then
becormes that shown in fil ure 3, in which the curve from
stations 2 to 3 represents hesting lIn the heat exchanger
znd the curve from stations 5 to g repreaents cooling in
the heat exchanger.
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Fisure %.- Regenerative comvressor-turbine engine cycle.

Tie rerformance of Lhe regenerative nower nlant is
depencdent uvnon a number of parameters,which inclucde alti-
tude, blower compressiosn ratlo and efficiency, maximum
turbine-inlet tomverature, turbine efficlency, heat-
erxchenser sffectiveness, sndé hsat-exchanger cross-sectlional
sras. In this inveatizaticn the nerfcrmance characier-
istics of the compresscor-turbine aystem were odtained by
z83igning values to these various parsmeters (compressor,
turhine, and prownselier efficiencies of 85 percent were
used) snd then calculating ths change in the conditicon,
zr state, of the air bvetween each two adjacent stations
gshown in figure 3. Thils »rocedure, when repeated f:r a
series of valnes 2 the various psarameters, Indicates the
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- performance of the system with regard to specific fuel
consumption and power output.

The weights of the heat exchangers that are required
t2> effect the heat transier nscessary for various amounts
of regenercstion are calculated from s straightforward
snalysis of the heat-exchange system. The hest exchangers
are of the counterflow tube-and-shell type with cores
made of bundles of stainless-steel tubes having a
0.020-inch wuall thickness and U.25-inch inside diameter.
The tube spaclng from center to center is 0.3 inch.

The synbols used in the present paper are glven in
gponencix A. A detsiled snalysis of the problem, the
computational nrocedure used, & description of the heat
exchangers considered, and & discussion of the effect of
altitude ere nresented in avvendix 3. A discussion of
the source of the thermodynamic data for air is presented
in appendix C.

RESULTS AND DISCUSSIOK

Zneration at Ssa Level

Results for comnressor-turbine-propeller systems
operating at sea level at zn alrplane speed of 200 miles
per hour are nresented in figures Lk to 7. The reduction
in sveciftic fuel consumption that can be obtsined by
means of regeneration is given in figure L. Sor this
plot the avscissa is the welght of fthe heat-exchanger
installation (core, shell, and ducting) per unit rate of
alr flow, the pressure ratio acreoss the compresscr is 6,
and the results ure for maximm fluld tempersturess
(temperature at entrance to the turbine) of 15000 F
znd 1500° F.

wWith a maximm sllowable temperasture at tnie turbinse
inlet of 180Qo ¥, the swmecific Tfvel consumption of the
cyster is 0.63 pound of fuel per hsrsepower-hour without
regensraticn. When & kesat exchanger that weighs 50 pounds
per nound of air per second and that has an open cross-—
sectlonal area given by 4/ = 2.1 square foot per pcund
per second 1ls added to thwe system, the speclfic fuel
consumption droms to .50 pound of fuel per horsepower-
hour, a decrease of 21 percent (fig. L). The relatively
small gains that result wh=en the welght is increased
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from 50 to 150 pounds per. pound of air per second iilus-
trate the law ol diminishing returns, which holds for
neat-exchange systems. The reducticn in specific tuel
consumption obtained with a given heat-exchanger welgrt
is somewhat less for a mazximum temperature of 1500% F
than for 1800° F.

at low values of regenerator welgnt, the hsat
exchangers with the larger cross-sectional sreas cause
smaller reductions in svecific fuel consumption than
those wlith the smaller cross-sectional areas (Lig. iL).
These reductiosns for the larger cross-sectionsal areas are
brounght about because, as the cross-sectional areu l1s
Increased, the velocity and the Heynolds number of the
flow in the heat-exchanzer tubes, and therefore the necat-
transier coefflicient, decrease and consequently ths rute
of heat transfer decreases.

The use of regeneration decreases the power outputb
of a system but the decrease may be inappreciable. There
sre two reasons Ior the decrease in nower output caused
by regeneratlion. Nne 1ls that the available snergy in the
working fluid at the entrance to the exhaust nozzle 1s
fecreased by thne loss of heat in the regenerstor. For
the nropeller-driven system the reduction in power output
from this cauvse 1s very small. fThe other resason Ior the
reduction in power output caused by regenceratlion is ths
pressure loss resulting from TCriction in the hesat-
exchanger tubes. Thls pressure lsss 1s a function of the
¢ynamic pressure of the flow in the tubes and is therefore
cependent upon the value of the parsmeter 4/i. The
effect of A/W 1s shown 1In figure 5, wkich glvss the
thrust power develoned by the system as a function of
hest-exchanger welgnht for several values of 4/%. dor
heat exchangers of relatively large frontal area
(/9 = 0.2 sq ft/1b/sec), the »ressure drop is guite
small and has no apwnreciable effect on the ocutput. For
neat exchangers of relatively small frontal area
(/W = 0.05 sg rt/1v/sec), tne thrust power develored by
tlie svstem decreases from an original value cf 1UY norse-
nower per pound per second to a value ol LO1 horsepower
ner pound ner second ror & heat-exchanger welght of
50 prounds wer vnound of alr per second.

The fact that redvctions in speciific fuel consumption
can be ohtained by use of regeneration (flg. L) means
that the weight of the fuel required Ffor a flight of
stven duration can be reduced by ths addition of & heat
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exXxchanger. The change in fusl weight as a function of
heat-exchanger weight for flights of wvarious durations
is given in figure 6. Considerable fuel savings are
possible for flights ¢f long duration. As an example,
for a 16-hour flight the use of a regenerative heat
exchanger that weighs 80 pounds per pound of air per
geconcé can reduce fusl consumption by 210 pounds per
vound of air per second (fig. 6(a)). If the propulsive
system uses 50 pounds of air per second (and accordingly
develops & thrust power of 5400 hp, fig. 5(a)), the
saving is 10,500 pounds of fuel for a lé-hour flight.

The fact that regenerators can reduce the specific
fuel consumption alsc means that, for flights of suffi-
clent duration, regenerators can reduce the net weight
of the power plant and fuel at the beginning of a flight.
The net change in the initiael weight of the power nlant
and fuel as a function >f the hsat-exchanger welght for
flights of various durations is given in figure 7. For
flights of li hours or less, regeneration !n the system
with & compression ratio of 6 leads to no reduction in
the net weight of the power plant and fuel. Tor flights
longer than li hours, & reduction in the net weight of the
power plant and fuel i1s obtained. DFor a £light of
16 hours, as an example, the use of a heat exchanger that
weighs 80 pounds per pound of sir ner seccnd gives a net
weight reduction of 130 pounds per pound of air per
second. TIf the rate of sir consumpbtion 2f the power
plant 1s 50 pounds vner ssecond, the net weight reduction
is 6500 pounds. This net reduction is effected by the
use of a lI000-vound heat exchanger that recuces the
required fuel weight by 10,500 nounds.

Figure 7 is plotted for 4/W = 0.2 square foot per
pound per second. For this value of 4/W, the use of
regenergtors causes no reduction in the power outvut of
the system (fig. 5). 1In the present paper only the
changes in the fuel weight and the net weight of the
power plant and fuel that are effected at constant thrust
power &re shown. TIn other words, sll plots of change in
fuel weizht and of nst weight change hereir are based on
haat-exchanger cross-sectional areas chosen ln such a way
that the hest exchangers hsve no effect on the thrust-
power outmut. If, therefore, the weight of the cargo is
increased by the amount thet the net weight of the power
plant and fuel is decreased, ths gross weizht, the wing
loading, and the power lo&ading of the airplane at take-
cff remsin the same with regenerstion as without regenera-
tion. It has been assumed that ro changes in the structural
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welzht of the airplane result from the use of regeneration
if the totsal weighkt of the power plant, fvel, and cargo
remains constant.

It should be nolnted ocut that greater reductions in
fuel welght tlian those shown herein are possible if the
keat~exchanger cross-sectional aregs are chosen in such
a way that the reductions in speciric fuel cconsumotion
sre greater than those obtained with constant thrust
power and that, therefore, the thrust power is reduced.
These reductions in fuel welght can be osbtained from the
curves given herein. The present investigation has not
heen extended to include the derivation ot the effects
an the nst weight of the vpower plant snd fuel of the use
o2f cross~sectionsal aresas that cause losses in thrust
power. That the reductions in net weight may possibly
e greater than those shown hersin should be mentioned.

The nreceding discussion has been concerned princi-
prally with a compressor-turbine-propeller system in which
the pressure ratio across the compressor was 6. 4 rather
fetailed discussion has been given in corder to explain
tlhie effeects of certain parameters anc t> shew the methad
- wresentation used herein. The effects »f reseneration
wheil the compression ratio is otler tlan 6 should alaso
he shown, The performance of a nonrsgeneratlve compressdir-
turbine-propeller system at sea level is presented in
Figures 8 and 9. Tne data for these plots were calculated
Ty the same method used 1In analyzing the regenerativse
zyshem, with the exception that the heat-sxchanger wsight
end mressure drop were Laken equal toe zero.

28 the comnression ratio is varied between 2 ana 9
(fiz. 8), the nower outnut goes through a maximum at &
compression ratic of approximately 6. 4As the ccmpression
ratio is increased from 2, the speci:i'ic fuel consumption
decressey toward s minimum, which it has nearly reacncd
et a comoression ratio of 6 (fig. 9). Tne effects or
regeneration have therefore been investigated for tne
range of compression ratio from 2 to 6. The rezults are
presented in figures 10 to 21, which show the variation
wlth regenerator weight of specific fuel consumption,
thruat nower, fuel welght change, and net weilght cnange.
The reductions in specirfic firel consumption, fuel weight,
«nd the net welght of the power nlant and fuel are greater
for a compresslon ratio of I (figs. 10 t> 13) than for &
compression ratio of 6. For a compression ratio of %
(figs. 14 to 17), the reductlons are larger than tinse
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for a compressicn ratioc of li. Tor a compression ratio

of 2 (figs. 18 %to 21}, very large reductions ln specific
fuel consumption (a»prox. 50 percent) and in fuel weight
&re shown. For flights of longz duration, very large
reductions in take-off weight of power plant and fuel ars
shown. Regenerstion 1s therefcore a means of effecting a
large improvement in the econowuy of a system that, on
sccount of & low compression ratio, is very uneconomical
wlthout regeneration.

The regeneratlive system with a compression ratio
of 2 should be compared, however, with nonregenerative
systems with compressicn ratlos of 4 end 6. 1In order for
the regenerative systexr with a compressiosn ratio of 2 to
have the same svecific frel consumption as the nonregenera-
tive system with a compression ratio of L (0.7.L 1b/ho-hr,
fiz. 9), a heat-exchanger weizht of 120 w»nounds per pound
cf alr per second is neesded (fiz. 1£). In order for the
regenerative system with a compressicn ratio of 2 to have
the same specific fuel consumpntion as the nonregenersative
system with a compressicn ratio of & (0.06%2 lb/nmn-hr, fiz. §),
a heat-exchanger welght of more than 200 pounds per pound
of air per second 1ls required (fig. 18). The use of
s3ditional stages of compression in the system with a
compression ratio of 2 can glve the same reduction in
specifilc fuel cornsumption that the uze of regeneration
can give and with much less increase in weignt. Further-
more, with a compression ratio of 2, the power cutput 1is
only 6l horsepower per nouné of &ir per second (fig. &)
but, with a compression ratio of !, the vower output is
<9 horsepower ner nound 2F slr per second and, with a
compression rasio of &, the porwer output is 109 horsepower
per pound of alr psr second. TThe nonregenerative power
plant with & compression ratio 5f i to & therefore weighs
less and gevelopns more power than tTthe regenerative power
plant of the same snecific fuel consumption but with a
compression ratio of 2.

Gperation at 25,000 Feet

The effects of regensration for compressor-turbine-
propeller systems overating at an altitude of 25,000 fest
and at an girplane speed of 300 miles per hour 4re shown
in figures 22 to ?3. Results for a system with a com-
rression ratlio of L are given in Clzures 22 to 25, with
2 compression ratin of 3 in figures 26 to 29, and with a
compression ratio of 2 in figures 30 to 3%, These figures
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shiow that specific fuel consuwmption and fuel weight can
be recduced by means of rezeneration and that, for flights
cf sufficient duration, the net weizht of the power plant
znd fuel can be reduced.

Comparison of the performance at an altltude of
£5,000 feet (figs. 22 to 33) with that at sea level
{(rfigs. 10 to 21) shows that the reductions made possible
by the use of regenerstion are less for opsration &t
25,000 feet than for operation at zea level. The better
nerformance at sea level 1s due to the diifererice in the
censity o the atmosnhere at the two sltitudes. The
relation between hest-excharnzer welght and air density
(appendix B), whnen other corndlticas (pressure 4rop and
dynamic pressure in the hest exchanger and heat-exchanger
effectiveness) are held constuant, is

o i y rlt 5 ('.-- l ‘\tj - Li.
—— | —————— }
- \lensity/

and the relation between heat-exchanyer cross-sectional
area and air density is

rd

. / NGLU5
L 1 ‘b.b

e Sl
W \Density,

Ls an example, at sea level apd with 4/Ai = 0.2, a heat-
exchanger weight of 50 pounds ver nound of alr per seconc
Sives about a 20-percent reductlion in specific fuel con-
sumvtion for a compression ratlo of 3 (fiz. 14). at
25,200 feet, where the density is substantizlly one-half
that at sea level, A/W wmust have the value 0.3 for a
20-percent reduction in specific fuel consumption, ana
the weiant of the heat exchanger 1s 6% pounds per pound
af air per second (f'ig. 256). The fact that at the higher
altitudes more heat-ezchanger welight is regquired per pound
2 alr per second than at the lower altitudes means that,
for the same take-off welght, regensratiosn 1s less effec-
tive at the higher than et the lower altitudes as a means
of Increasing cargo capaclty. Comparison »f the figures
that show the change in fuel weight and iIn net weight for
oparation at 25,000 feet with the corresponding f'igures
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for operation at sea level shows, however, that the d4if-
ferences in the changes in fuel aend net welght are not
larze,

operation at [j0,000 Feet

~t 0,000 feet, where the density i3 substantially
cne-fourth that st sea lsvel, heat exchangers must bs

1% times as heavy per unis rate cf alir flow as at sea

level and, for the same percentage recduction in specific
fuel consumption, must have twlice the cross-secticnal
grea per unit rate of sir flow as at sea level. The
weight reduction caused by the use of regeneration would
thercfore be less than that at seaz level, The effects
of regeneration for the power plent having a compression
ratio of 3 sand opersting at an sltitude of 140,000 feet
&t 1150 miles per hour sre presented in figures 3L to A7 -
The reductions at 10,000 feet in fuel weight and in net
weight of power plant and fuel sre less than the reduc-
tlons st sea level for power plants of ths same com-
rression ratio snd flights of the same duration. The
reductions sre nevertheless large for flights of long
duration.

CORCLUSTONS

The following conclusions have been drawn with
regard to the avplication of regenerstion to compressor-
turbine-nropeller sircrsft power plants:

1. Reductions in the specific fuel consumption would
be obtained by nieans of regenerative hesat exchangers.

£. For the sams heat-exchanger weight, the reduction
in gpecific fuel consumption would be greater the lower
the altitude, the higher fthe maximum temperature at the
turbine inlet, the lower the temperature rise due to
compression, and conseqgusntly the lower the pressure ratlo
across the compressor.

3. For a system overating at sea level wilith a com-
pression ratio of 6 (the compression ratic that gave
approximately minimum specific fuel consumption and
naximum power in the nonregenerative system at sea level),
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reductions in specific¢ fuel consumption »f uapproximately
20 percent would bs obtained without a reduction in tlwust
nowar and by use of a regasnerator that welghed 50 pounds
per pound of air per second.

.. Por a system operating at sea level with a very
low compression ratio of 2 (a compression ratio that
regults in a very high specific fuel consuniption in the
nonragenerative system), reductlons in specific if'usl
consumption of approximately 50 percent would be obtained
by means of regeneration without a reauction in thrust
vower, The use of additional stages of compression,
however, would gzgive the same reduction ln specilfic fuel
coensumption as the use of regensration, would incresase
the nower-plant weight less than the use of regeneraticn,
znd would &lso increese the thrust nower,

5. for flights of suflficient duration, ths recductlon
in fuel weight would Le greater than the heat-exchanger
welsht reguired to give that reduction., The difference
between the reduction in fuel welght and the hest-exchanger
vielgnt would indicate that additional cargo could ke
carried witlout a change 1n take-off gross welgnt when
resgeneration 1s used.

Langley Memorial Aeronautical Laboratory
Wational advisory Committee for Aergnautics
snzley Field, Va., Hovember 26, 19.5
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APPERDTIX A

SYW.BOLS
4 open frontsl area of heat exchanger, sq ft
Cn specific heat of fluid at constant pressure,
i Btu/1b/°F
Cy specific heat of fluid at constant volume,
Btu/1b/°F
D diameter of heat-exchanger tubes, ft
B enthalpy of fluid, Btu/lb
LEy difference between inlet enthalvles of hot and
ecld £luids, Btu/1b
£ acceleration due to gravity, rt/sec/sec
h coefficient of heat transfer. Btu/sec/s3y £t/OF
E total, or stagnaticn, pressure, 1lb/sq ft
J mechanicsl equivalent of heat (773 rt-1b/5tu)
& length oF heat-excnanger tubes, ft
K} number of hsat-exchanger tubes
n static oressure, 1b/sq %
ip static-pressure drop due toc friction, 1lb/sq ft
P thrust pcower, hp
a dynamic pressure, 1lb/sq ft
5] rete of heat transfer, Btu/sec
R Reynolds number; also, zas constant where specified
R, compression ratio of compressar

surface area for heat transfer, sq ft

2
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temperature, ©&
maximum (turbine-inlet) tewmperature, °F

over-all coefficlent of heat transfer petwsen
two {luids, Btu/sec/sq Tt/CF

speed, ft/sec
weight rate of flow of sir, lb/sec

weight rete of flow of fuel, 1b/scc

ratic »f svwecific heats (cn/cv)

mean temverature difference betwesn ot fluid and
cold ri1uié divided by 1lnlet-temperature aif-
f'erence

rise In temperature of cola fluid dlviced by
Inlet-temverature difrlere:nce

c.,Piclency of comwressor

]

fTiciency ~i° turbine

'

[G

coefficient of viscosity of fluld, slug/it-sec

diop in temperature o5f oot fluid Givided by
inlet-temverature diiference

mass denstty of fluid, slug/cu I't

Subscripts:

1, 2

fluids in heat exchangsr

¢ to 5% stations

free stream
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APPENDIX B

ANATYSTS AND COMPUTATIONAL PROCEDURE

Hegenerative Cycle

A qualitative representation of the changes in the
condition »f the working fluid as it passes through the
various parts of the regenerative cycle is given in
figure 58. The various parts of the cycle sre

J to 10 induction intn airplane and diffusion
10 to 21 cormpresaion by blower

21 to 22 additlion of energy in heat exchanger
22 to 30 addition of energy by combustion
30 to 41  operation of turbine
hl to 43 subtractclon of energy in heat exchanger
i3 to 53 expansion through exhaust nozzle

The objsct of the calculstions 1s ©to cbtain the
thrust power, the svecific fuel consumption, and the
heat-exchanger welght for given values of saltlitude,
blower compresslon ratios, meximum temperature, heat-
excnenger effectiveness, and heat-exchanger cross-
sectional area. The method of calculation is to compute
the changes in the conditiorn of the fluid in esch ol the
component psrts of the cycle.

In the equations given herein, the condition of the
fluld at any station is zenerally given in terms of its
total, or stagnation, enthalpy E and its total, or
stagnation, pressure H. Excentions are the eyuations
that contain staticn O, which 1s in front of the airplane;
etation 53, wnich is behind the airplane; and stations 21
and 22, which are inside the heat exchanger. At these
stations the veloclties must be known.

The process of taklng the air intc the airplane is
sssumed to be isentroplc. The tctal pressure and the
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total enthalpy of the alr as 1t goea into the compressor
are glven by the relations

v N L

2\ y-1
e = y - 1 povad\ '
A1 T P, 1 + > 5 J

, H 20 ‘

\. S s

and

The vpressure just behind the compressor 1ls

The enthialpy that the fluic¢ would have after compression,
if" the process of compression were isentroplc, 1s

- 1
220 T E1o(Re)

-

The eI

h
[

ciency of compression 18 by definition

ea

_ Zp0 ~ =10
Mg &
21 ~ E10

-

iri

(Avalue of 85 percent was used herein for mn,.) The
entinalpy after compression 1s accordingly

Ezg - (1 - meliig
2 frd

e

Between stations 21 and 2Z the sir passes throusgh
the heat exchanger. The changes in nressure and enthslny
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that are effected in the heat exchanger are discussed
separsately.

Between statlons 22 and 30 combustion occecurs. The
enthalpy at station 30 1s obtained by sssigning a maximum
permissible value to the fluld Gemperature. Tne pressure
2t station 30 is taken as equal to that at station 22.

In other worcds, no account 1s taken of losses of pressure
in the combustion system due to friction, chuanges In
passage shape and size, and the sddition of heat. In
practice, the sum of these losses may be falrly large
but not enough dsta are avallable to make satisfactory
calculations of the losses. If the open cross-sectional
area of the combustion ckamter 1s aporoximately the same
as the owen cross-ssctional area (for one fiuid) of the
heat exchanger, the pressure loss due to the addition of
heat to & compressible fluid can be shown to be of the
order of 1 percent of the pressure at station 22.

The fuel-air retio 1s

We Bzg - Ep2

W 12,060 - E}O + Eoo

where the enthalplies refer to the mixture of alr sand fuel.

The conditicn 1s maude herein that the working fluid
issues from the exit nozzle at ree-stream speed as well
as at free-stream pressure. This condition necessitates
the use of trial-and-error methods for the calculuation
aof conditions between statlons 30 and 53. The procedure
is to use an estimated wvalue of EL5 in caleculating con-

ditions at the other stations that follow station 30,
The enthelpy at station 53 is given by the relation for
the enthalpy change that iz required to asccelerate the
fluid from zero speed to free-stresm speed

- B = Vol

where an estimated wvalue of Eﬁ5 is used and where E53

is static, not total, enthalpy. The required pressure
at station L3 is
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Eyay
H3 = », Kfﬁ )
53/

The pressure at stations L1 and 1.2 is that at
atation 13 with the absolute value of the presuure luss
in tne heat exchanger added. The enthalpy at stalion L2
is

—

J
f‘\
ket
|-'|
.a

|1'
)

lJ/
The enthalpy at station L1 is given by the egquatlon
defining the turbine efficiency

- EL'.l

o - Bh2

L1

C.

!
Ei
W

was given a value of

(In tiic pnresent calculations, N
Lol 43 1§ therelsre

25 nercent,) The enthaply at sitatl

2lz = Ry - a2 vos2)

L

anc this value of Ehﬁ must chieck with the estimated
value w»nreviously used.
done by thie turvine ls Ezp - Z)3-

O this quantity, Ep1 - Ejn i3 the work <domne on the
ompreaassr and the remainder 1s tone work done on the pro-
net lar, =& work done on tiie pronsller is tiwen mmltiplied
Wy the propc;ler efficiency, whlch in tl.e present papsr

was 5 wmercent,

"he totel work

"| 1.

rzat-lizchange Syotem

An analysis is glven of the heat-exchunge system
that includes the equations for calculating the rate »HI
heat trensfer and the nressure &rop in the hesal 2xohaniers
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and the method of calculating the core dimensions andé the
installed weilghts of the hesat exchangers. The basic
equations of heat transfer and pressure drop used in the
éiscussion of the heat-exchange system were taken from
referencs 5.

. The available temperature difference for hest transfer
is T3 - T21. The darop iIn the temperature of the hot

fluid divided by the available difference is

g - -l = Th3
Th1 - Tpop

The rise in the tempnerature of thse cold fluid divided by
the aveilable difference 1s

T2 — Tpq
Thi - Tao1

As a convenience in msking the calculations, the approxl-
rate relations

e = ————E-EL]' _ EL
- 31 - B2
end
Eoo ~- IS21
sh1 - &2z

in wiiich temperatures are replaced by snthalplies, can be
used. The resulting inscouracy 1s about 1 percent.

The fuel-air retios are so smz2ll that the weight of
the fuel can be neglected. The ensrgy-balance equations
for the heat transafsr are therefore

—_ AT/ 7
Q - .?l‘\
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% T W(Epy - EL3)

WE(Epy - Bay)

sn< the quantities & and 7 are eyual.

The heat exchangers considered pereln are chosen to
ve of the counterflow type. Thne mean temvpersture dif-
Ference bhetween the hot fluld and the cold fluid expresssd
25 a fraction of the available temperature difference 1is
soeordingly

lng, —m—
Ee
1 -

(s

= this expression 13 indeterminate. anplice-
n.'l I

b &
tion of L'Hospital's rule shows, however, that when ¢ = n

'rie rate o»f heat transfer 1is

AL
v fey r-rc‘_? s
o, Lty N
where
1 ~ ] + - 1
Us NSy otk o)
and

h=o.2 (E)rOE
N~ t"
Inasmuch as hy 1s very nearly egual to hp &and S
is very nsarly equal to £Sp, tTue rate ol heat transfer
can be written as

~ A
4= 0.1mES Y Y =21 - &)

If tals equation for the rate oI heat transfer is civided
by W AEy and 0.2k is substituted for om.
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g
W LEs

= 0.052r~0-2 %(l - &)

2ut the rate of hesat transfer 1s also given by

& = W AE;

so that
—=%— = £ = 0.052R"0-2 (1 - 2)
‘ii ﬂEi D
and
0.052r-0-2 L
S = 2

1 + 0.052r" 0" %

The pressure drop due to friction in the heat
exchanger is glven by the relation

£ = 0.18180-2

ot

where the value of g is that inside the hest-exchanger
tubes. The relation between An/q and £ is therefore

AD g

T 3T

The value of Ap/q therefore cdepends only on the value
of ¢, &and tke value of Ap can be obtalned when &
and q s&are known. The value of g 1is glven by the
relation

- CAYE .
g = Lov2 = K i{) T + 1,60
2 28 \A ?

where R 1s the gas constant,
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R = L
(T + L 60)

Mne~fifth of the value of g was added to the pressure
Crovn calculated as just indlcated in order to take into
wceount the loss cgeccurring &t the exit of thre heat
er.changer.

The calculations in the present naper are mace on
the basis of stagnation pressure and stagnation enthalpy.
The equations just glven for calculating Ap are strictly
valld only for calculating the static-pressure drop due
te Criction. Inasmuch as the ljach number of the flow in
the hest exchangers is very small, however, the drop in
*otal pressure due to friction is very nearly equal to
the drop in static pressure dve to friction. Because of
the ratrer small temperature differences in the heat
exchangers between the tube walls and the flulds, the
chanzes In total pressure due to the traunsfer of heat to
and from a compressible fluid are I1n mcst cases quite
small, Furthermore, the effect of the loss in total
pressure Jdue to the acceleration of the cold fluld that
results from heat transfer 1s partly offset by the efrect
ui the gain in total pressure due to the deceleration of
the hot fluic. The change in total pressure in the heat
erxchanger was therefore considered herein to be equal tc
the change in statlc nressure due to friction.

For a given value of A/W, the Reynolds number ic
found from the relation

™
R:-’L‘_
g

Lol

The length of the heat-exchanger tubes is given by

Loqg.3 5\ 0.2 _\02 £
D \su-/} x) 1.z

The hesat exchangers consldered hereln are made nf
circular tuves. The tules are macde of stalnless steel
znd are of 0.25-inch inside diameter ané 3.020-inch wall
thilckness. The center-to-center spacing of the tukes 13
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0.3l inch and there are 1250 tubes »er square foot of
heat-exchanger frontal area. 92ne fluid flows through the
tubes and the other flows over the outside of the tubes
in the direction of tke tube axis. 3oth fluids flow
throush passages of egual hycraulic dismeter end of egual
eross-sectional area. Por sach fluld, the ratio of open
frontal area to the total frontal area cf the hesat
exchanger is 0.}26.

The specific weight of the core is 71 nounds per
cubic foot of heat exchanger. The weight of the core 1is
slven in pounds per pound of alr per second by ths

: N 0.2 /4N 0.8
expression 3.4L7 L é or 67 (—-Q-\ ¥ /é\l < € N\ .

D W \gp,/ \(n ; 1 - é/
The welght of the heat-exchsnzgsr installation (core,
skhell, ducting) is talzen herein as 1.5 times the cal-
culated welght of the heat-exchanger core.

In order to show graphlcally the interrelations of
the installed welght of the heat exchanger and the
effectivensss, the cross-sectional area, and the length
~f the heat exchanger, figure 39 is vresented. Although
the quantity D/gup 1is different for the hot and the cold
sides of the heat exchanger, 1t enters iIn the equations
cnly to the 0.2 nower. In fizure 29, a constant value
af D/gu of 1100 square feet-3econds per pound was used.
The tube length for any of the heat exchangers discussed
hereln may be determined from figure 39.

Effect <f Altitude

The effect of alititude, or atmosvheric density, on
the cross-sectional area and ths wel;sht of the heat
exchanger can be obtained as follows: TIn the analysis
ziven earlier, the heat-exchanger effectiveness & 1is
shown tn be related to the preasure drop and the aynamic
pressure in the heat exchanser by

g _ 4p
1 - qQ

{16

For constant values of & ancd Ap, therefore, g mnust
be constant but



“alA ui wo. LGAIU9

»

1. ..2
PV

[

_ LA
26 \*/

Ol

Por constant g, therefore, the relation

A _\(1\‘9-5
=w| =
[ \\F/

must he satisfled. (although ¢ is i1ua tiils exnression
the fensity in the heat exchansger, 1t is osroporticnal
abmosvheric density for constant comnressor efficiency
and compression ratio.) The weiszkt ol tne heat exchanger
per wound of air nper secand has been saown to be glven,
for constant values of D/gu, by the reluation

s

. L NOLB
eeight (4 ) )
W ‘\W /' 1 - g

Tar constant £ therelore,

Yeesd 23 ht / 11;)0 * )"'
W \ ¥
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APPENDIX C
SCURCE OF THERMODYNAMIC DATA FOR AIR

The data on the thermodynamic properties of air
given in reference 6 were vused 1n making the computations
for the present naper. A table of the enthalpy changes
aasociated with 1sentropic pressure chsnges is presented
in reference 6. The use 5 this table eliminates much
tedious calculation or intervolation on & Xollier chart.
The range of 1lnitial temperature Ifor which the table is
given is from 990° F to 2000° #. When the initial
temperature in any calculaticn was 903° F or more, the
table was used. When th.e 1lnitial temverature was less
than 900° F, values of Yy were used that were obtained
from the plots given in reference 6 of cp &nd cy
agalinst temperature. VWhen 1t was necessary to find the
euthalpy corresponding to a gilven value of the temperature,
the following relation from reference 6 was used:

T + L60

(@]

0.229202(T + L60) + 1.53L x 10~8(m + L.60)2

+ 1.10Lk x 10-9(7 + L69)3 Btu per pound
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Altitude, 40,000 feet; R, = 3; A/W = 0.4 square foot
per pound of alr per second.



NACA RM No. L6109 . Fig. 38

Enthalpy
3

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Entropy

Figure 38, - Qualitative representstion of enthalpy
and entropy chenges in regeneorative sycle.



Flg. 39 NACA RM No. LEIOS

°
-1
g ﬁ g
o
MMA | S A 8 Ym
~. w— =~ [ Fl.lrlll- - Rm .
& i L n
SN | B
- 1 On 4 \ CEE %
L ~ I'['lr._.l ll-l.: -wAV
ol NOTTAT JE3
/ Jﬁll..lll II/ —”mm
0 AN N BMHf
[ ] //k : Wo
...I.I.f.. -
D N N \ 5
/ -
N -4
ANADNAVAS
R &
"B :
~3 4]
NN L], 8
-« P
8
wn B
)
=R
// o m
N
L]
K
W s
%
V-
\ :
®
<
i
-
W
ri #
-'
=
0]
g
|
< o a o o a 00 &
3 3 % 3 8 5 =

M
[
08 J5d qr/at TAFTOR






